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We investigate the thermal kaon process, in which kaons are thermally pro- 
duced via nucleon-nucleon collisions. This process is relevant to nonequi- 
librium dynamics of kaon condensation inside neutron stars. The reaction 
rates for these processes are calculated, and their temperature and density 
dependences are compared with those of other reaction rates. It is shown 
that the thermal kaon process is dominant over other relevant weak reac- 
tions throughout the nonequilibrium process, such as the kaon- induced Urea 
and the modified Urea reactions, and may control the entire evolution of the 
kaon condensate. The characteristic role of the soft and hard kaons during 
the evolution is explained, and implications for astrophysical phenomena 
are briefly discussed. 
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I. INTRODUCTION 

Modifications of properties of hadrons in a hot and/or dense nuclear medium have 
been an important subject in nuclear physics. Specifically, kaon condensation has at- 
tracted much interest as a possible new hadronic phase in the context of astrophysics 
and heavy- ion physics ]1|-§J- This condensate represents a Bose-Einstein condensation 
(BEC) of the negatively charged kaons (K~), driving force for which comes mainly from 
the s wave kaon-nucleon (KN) attractions, i.e., the scalar interaction (the KN sigma 
term) and the vector interaction (the Tomozawa- Weinberg term) @,[|. Kaon condensa- 
tion may also be characterized as a macroscopic appearance of strangeness, which may 
have a close connection to strange matter. Based on experiments, the nature of at- 
tractive in-medium antikaon-nucleon interaction has recently been studied extensively 
in antikaon-nucleon scattering |5|,|6|], in kaonic atoms JFj, and in kaon-antikaon produc- 
tion via relativistic nucleus- nucleus collisions [)5| P~C[] . In particular, the experimental data 
for kaon-antikaon subthreshold production indicate a substantially reduced in-medium 
antikaon effective mass, which agrees with theoretical predictions ||. Thus, the basic 
theoretical idea of kaon condensation seems to be gaining experimental support. 

Most of the discussions about kaon condensation so far have been focused on equilib- 
rium properties of dense matter at low temperature: The appearance of a kaon-condensed 
phase in neutron stars would lead to softening of the equation of state (EOS) JTTJ] . Its 
presence also brings about rapid cooling of neutron stars [0,0 • Recently, studies have 



been made of the possibility of a delayed collapse of protoneutron stars to low-mass black 
holes |i"4Hi"8f, possibly caused by the softening of EOS by hadronic phase transitions dur- 



ing the evolution of protoneutron stars. In this case kaon condensation should appear 
in the high temperature and/or neutrino trapping situations. The equation of state for 
isothermal and isentropic cases and the properties of protoneutron stars with kaon conden- 
sation have been studied on the basis of chiral symmetry [|TJ|,^(J. However, the formation 
of a kaon condensate from noncondensed matter and its evolution involve weak reaction 
processes that change strangeness, so that it takes some time for chemical equilibrium to 
be reached: the typical time scale of the weak reactions is much longer than those for 
the strong and electromagnetic interactions, and is also different from the typical time 
scale for gravitational collapse (of order of a millisecond) and that for deleptonization and 
initial cooling (of order of a second). Therefore, the nonequilibrium weak processes may 
have an important effect on the dynamical evolution of kaon-condensed stars just after 
supernova explosions. 

Basic concept of nucleation in BEC is applied to a wide range of systems besides kaon 
condensation [2I|. Concerning the nonequilibrium dynamics and the formation time of 



BEC, theoretical works have been carried out for a weakly interacting Bose gas |22|, prior 



to the first experimental achievements of BEC in alkali atoms |23 . In atomic gases, the 



energy of the atoms is little affected by the weakly repulsive interaction between the atoms, 
and the same interaction controls the onset and the build-up time scales of the condensate 
with the number of atoms fixed. On the other hand, the system of kaons and nucleons 
(which we call the KN system) is unique in the following respects: The microscopic 
quantities in the KN system, such as the energies of the particles, are determined by 
the strong and electromagnetic interactions between the kaons, baryons and leptons. In 
particular, the kaons couple to the nuclear medium via strong interactions, and the kaon 
excitation energy is reduced primarily by s-wave KN attractive interactions. The time 
scales for these interactions are much shorter than those of weak interactions, so that 



the KN system is likely to be in thermal equilibrium during the chemical-nonequilibrium 
processes brought about by the weak reactions. As a result, the chemical-nonequilibrium 
state evolves adiabatically, adjusting to the gradual change of the chemical composition, 
which is determined by the kinetic equations induced by the weak reactions. The relevant 
such reactions are given by 

n + n — ► n + p + K~ , (la) 

n + p + K~ —> n + n , (lb) 

where the presence of a spectator neutron is necessary in order to satisfy the kinematical 
conditions in a degenerate Fermi system. (We call these reactions thermal kaon process, 
and denote it as KT. ) Other weak reactions are given by the kaon-induced Urea process 
(KU) 0, 

n(p) — > n{j>) + e" + v e , (2a) 

nip) + e~ — > nip) + u e , (2b) 

and the modified Urea process (MU) |24|]2"5|1 , 

n + n — > n + p + e~ + u e , (3a) 

n + p + e~ — > n + n + v e . (3b) 

Alternatively, the KU process (|2]) may be written symbolically as nip) + (K~) — > n(p) + 
e _ + z/ e , n(p) + e~ — > n(p) + (-ft' - ) + v e , in terms of the condensate (K~). It is to be noted 
that the KU process is operative only in the presence of a condensate, so that, in the 
noncondensed (normal) phase, only the KT and the MU processes proceed. Thus kaons, 
as quasiparticles whose properties are modified by the medium effects, are emitted and 
absorbed through the weak reactions (0) and (fj), and the total number of kaons (and 
the corresponding strangeness in the medium) changes during the nonequilibrium weak 
processes. It is these weak reactions that determine the characteristic time scales of the 
system. Q 

In [^7|] , we have discussed the nonequilibrium processes in a kaon condensate by taking 
into account only the KU and the MU reactions, and assuming the presence of a small 
seed of condensate. However, in thermal equilibrium, the onset of condensation can 
occur naturally without a seed when the KT reactions are included: specifically, once 
the thermal kaon density is saturated, kaons are created thermally and then converted 
to a condensate. In a series of our works, we take into account the thermal kaon process 
KT as well as KU and MU, and consider the effects of thermal kaons on the kinetics 
of kaon condensation during the whole nonequilibrium process. In this paper (paper I), 
we mainly consider the reaction rates for the thermal kaon process (|l|). We present a 
unified description of the excitation energy of kaons and the weak interactions based on 
chiral symmetry. In a subsequent paper (paper II) p8| , the time dependent behavior of 
the physical quantities, such as the amplitude of the condensate, number densities of the 
chemical species, will be discussed, based on the results of this paper. 



1 Concerning strangeness production, some authors considered strange quark matter, where the 
nonleptonic weak reactions, u+d v^ s+u, together with the semileptonic ones, d(s) — > u+e~ +v t 



ei 



u + e — > d{s) + u e , have been taken into account [26|. One can see a similarity in these weak 



reactions between strange matter and kaon condensation. 



This paper is organized as follows: The expressions for the reaction rates are obtained 
in Sec.|]J Sec.[nJ outlines the physical properties of the nonequilibrium process. In Sec.[V|, 



the numerical results are presented, and temperature and the density dependences of these 
reaction rates are compared with other reaction rates. Summary and concluding remarks 
are given in Sec.[V|. The expressions for other weak reaction rates for KU and MU are 
outlined in Appendix A. 

II. FORMULATION 

A. Brief survey of the chiral symmetry approach 

We first give an outline of the kaon-condensed state on the basis of chiral symmetry. 
In the framework of the SUl(3) x SUr(3) current algebra and PCAC, the s-wave K~ 
condensed state, \K~), is generated by a chiral rotation of the normal state |0) as \K~) = 
Uk\0), with the unitary operator Uk given by 

U K = exp(i/j, K tQ) exp(i6Ql) , (4) 

where \xk is the kaon chemical potential, 9 the chiral angle which represents the order 
parameter of the system, and Q (Qf) the electromagnetic charge operator (the axial charge 
operator). The classical K~ field is then given as 

(K~) = (K-\k-\K~) = (OIU^K-UkIO) = -£=inn0exp(-ifiKt) , (5) 

v2 

where /(=93 MeV) is the meson decay constant. 



B. Reaction rate for thermal kaon process 

Here we consider the kaon-producing (forward) reactions flTa]). Q The lowest-order 
diagrams are given in Fig.|], where a — c represent the direct diagrams and a' — c' the 
exchange diagrams. In Fig.Q, lines 1 and 2 denote the neutrons in the initial state, and 
lines 3 and 4, the proton and the neutron in the final state, respectively. The scattering 
of two nucleons is treated in terms of the one-pion exchange potential (OPEP) which 
represents the long-range nuclear interaction. The medium and short-range interactions, 
which are mediated by heavier mesons, are neglected here.0 

The reaction rate per unit volume is given in terms of the transition rate W& by 

r (KT ~ F) = j0rr 5 J d 3 Pl J d* P2 J d 3 p 3 J d 3 p 4 J d 3 PK 5(E { - EfiWiS , (6) 

where S is the statistical factor, S = -nfpOnfpa) [1 — 7i(ps)][l — r2(p 4 )][l + /k-(Pk")1, 

s 
with the symmetry factor s(=2), n(pi) (i = 1 — 4) the Fermi-Dirac distribution function 

for the nucleon , and /k— (p*r) the Bose-Einstein distribution function for the K~ . The 

nucleons and the kaons are assumed to be in thermal equilibrium. 



2 Throughout this paper, we use the units in which h = &b = 1- 

3 We simply follow the treatment for the nuclear interaction adopted in ref. [25| 



C. Matrix elements 

The transition rate W& is written as 

W & = (27T) 3 ^(p 3 + P 4 + PA' " Pi " P2) E l M ! 2 > ( 7 ) 

spins 

where \M\ 2 is the squared matrix element, and the summation is over the initial and final 

nucleon spins. 

The effective weak Hamiltonian is of the current— current interaction type, 
G 
i7 w = —/=Jh ' Jhfi + n - c - w hh the charged hadronic current, j£ = cos 9c(V£± i2 — Ai +i2 ) + 

V2 
sin9c{V^ +i5 — A% +i5 ), where 9 C (— 0.24) is the Cabibbo angle, and V£ and A^ are the 

vector and axial vector currents, respectively. 

In the kaon-condensed state \K~), the matrix elements must be evaluated from the 



transformed Hamiltonian [12,13 



H w = U^H W U K = %K\ + h.c. , (8) 

where the effective hadronic current J^ is given in a model-independent form by way of 
current algebra: 



g-i(«K* 



'cos0 e {(Vi% - Al +i2 ) cos(#/2) + i(Vt i7 - A^ i7 ) sin(0/2) 
+ sin^{(^-^)+^cos^(^-^)-^sin^(^-^ + v / 3(V^-^))}] . (9) 

Then the relevant isospin-changing strangeness-conserving nucleon current can be read 
off from (H) in the nonrelativistic form as 

J7 = e ~^ cosdc cos °-x\pM - 9A5^) X (n) (10) 

with the two-component Pauli spinor x(iV) for the nucleon and #^(=1.25) the axial- vector 
coupling strength. The kaon sector in the hadronic current is implemented in the isospin 
and strangeness-changing axial vector terms in (H), and may be written as 

ht = -e-^sinfl c (cos 2 ~j£_ + sin 2 °-f K+ ) (11) 

with jx ± = A± =p iA£. In ([11]), the first term in the bracket contributes to the thermal 
K ~ process. The kaon current j^± may be determined from the PCAC ansatz, d fJ ,j^ <: ± = 
spljvr^K^, so that we take 

f K± = V2fd»K± = ± iv /27%=£ exp(±ip K ±x) , (12) 



4 Generally speaking, the kaon current consists of a free kaon part and a kaon-baryon interaction 
part. 



where (pk±Y — {<^±)Vk±) is the kaon four-momentum with energy uj±. In a nuclear 
medium, the dispersion relations for the kaons, uj±(~Pk±)-, differ from those in vacuum. 
See Sec.[TTI| for the explicit expression for u)±. 

For the pion-nucleon interaction, we take the pseudovector -coupling Lagrangian: 

C*NN = /*7 M 75Ta*<9^a + h.C. , (13) 

where / = f n NN/mn, with f n NN the irNN coupling constant, m 7r (=140 MeV) the pion 
mass, \& the nucleon isodoublet, and ip a the pion isotriplet. 

The diagrams in Fig.l are similar to those in the modified Urea (MU) process fl3|). 
The only difference between these processes is that a lepton pair e~v e in MU is replaced 
by a kaon in KT. Thus, the matrix element for KT can be obtained by a replacement of 
the npe~v e vertex factor in MU by a npK~ vertex factor. In addition, the KT and MU 
reactions differ in the statistical factor S [ see Eq.(^) for KT ], as a result of the different 
statistics of the participating particles. From (H) — (|T2|) , the vertex factor can be read as 

—= cos OcKptffi - gA^itT 1 ), where 

K^-zfsinOc^cos 39 -. (14) 

The remaining assignments in the matrix elements of Fig.l are made with reference 
to Friman and Maxwell's result for the MU process p4| , ^5 



(i) A factor — fa ■ k for the nmr° vertex, a factor fa ■ k for the ppir vertex, and a factor 
\f2fa ■ k for the np-K~ vertex, where k is the pion momentum, 
(ii) A factor — l/(k 2 + m 2 ,) for the pion propagator . 

(iii) A nucleon propagator iG at the nucleon internal line, which, when the kaon couples 
to the outgoing (incoming) nucleon, is given by i/(E p + uj- — E n ) ( i/(E n — E p — ujJ) ), 
where En is the single particle energy of the nucleon. The nucleon propagator is further 
expanded in powers of the inverse nucleon mass, and only the lowest order term is retained, 
so that iG ~ i/u_ (iG ~ —i/u_ ). 

Here we summarize the matrix element for each diagram for the kaon-producing KT 
process (la). For the direct diagrams (a) — (c), one obtains 

MW(1,2,3,4;0 = -i%cosB c Kj 2 — —±—{ x \(a ■ \) X i ■ xM ~ <MV)(<x ■ l) Xl \ , 

V 2 uj- V + m^ > 

M (b) (1,2, 3, 4;/) = - t ^ cos 6 c Kj 2 — —^{xl(a ■ l) Xa • At* • W - &4<Mxi} , 

M( c )(l,2,3,4; k) = &cose c K, ■ 2f 2 ——^{ X \{a ■ k)(# - g A 6^) X2 ■ x J(«r ■ k) Xl \ , 

V 2 u;_ k^ + m~ L J 

(15c) 

where k = p 1 — p 3 , I = p 4 — p 2 . 

For the exchange diagrams (a') — (c'), one obtains 

M (a,) = -M (a) (2, 1,3,4;-^') 

G —11. 

= i-^= cosOcK^f — —2- r{x!(ff ■ k')xi ■ Xs(*o ~ &4#V l )(<r ■ k')x2J , 

V 2 c<j_ k' + m l y > 



(15a) 
(15b) 



(16a) 
M (b,) = -M (b) (2,l,3,4;-fc') 

= i^=co$6 c Kj 2 — — g- jfxlO ■ k')xi ■ Xs(°" • k ')0o - &4$V)x 2 } , 

V2 cj_ k' + m^ L J 

(16b) 

M (c,) = -M (c) (2,l,3,4;-/') 

= -A cos0 c ^ • 2p — - T ^{xl(o- ■ I'M ~ QaSMxi ■ xU* ■ IOX2} , 

(16c) 

where k' = pi — p±, V = Pz — pi- 

From momentum conservation, k = 1 ± p^ and k' = 1' ± p/<. Since the nucleons are 
degenerate, only those near the Fermi surfaces contribute to the relevant phase space of 
the reactions. Thus, the momenta for the nucleons in these relations may be replaced by 
the Fermi momenta, i.e., Pi?(n) for pi, P2, and P4, and pj?(p) for P3. As we will see in 



Sec.[IV], the proton Fermi momentum in the noncondensed state is estimated as |pf(p)| = 
260—290 MeV for the typical baryon number densities tob=0.55— 0.70 fm -3 , whereas 
the corresponding neutron Fermi momentum is |pi?(n)|=470— 510 MeV. In addition, the 
typical value of the momentum of the thermal kaons which mainly contributes to the 
reactions is 120— 180 MeV. Thus, both |pj?(p)| and \&k\ are small compared with |p^(n)| 
at least in the noncondensed stage. Therefore we, hereafter, make an approximation by 
omitting the proton and the kaon momenta in the momentum conservation, and we put 
k = 1 ~ Pf(^) and k' = 1' ~ — Pir(n). Within this approximation, one obtains 

M (a) + M (b) + M (c) = 2gj GF cog g c pj_ j KS f 

a/2 cj_ \p F (n)\ z + m* 



Xtxi ■ Xl(<r ■ k) X 2^k l ) - xt(<r ■ k) X i{xlx2^k l ) - xl(er x k)* X2 }] (17) 



and 



M W) + M (b') + M (C) = 2 G* cos9c pJ_ 1 Ksjt 

a/2 oj_ |p F (n)|^ + m^ 



{xlxi(ik H ) - xl(v x k'y X i}xk°- ■ k') X 2 - xl(<? • k'ki • xlx2^k H )\ . (18) 



It can be checked that the expressions for these summed matrix elements (|17D and (0) are 
consistent with those for the MU process obtained by Maxwell [f2^] by simple replacements 
of the weak lepton current l^ and the energy u of the lepton pairs in p5| , by K^ and c<j_, 
respectively. 

It is to be noted that the nucleon vector current part of the matrix element for the 
diagram (c) ( (c') ), where a charged pion propagates between the nucleons, is larger by a 
factor of two and is opposite in sign as compared with those for (a) and (b) [ (a') and (b') ], 
where a neutral pion propagates. [ cf. ([TBI) and (|i"6|).1 This is due to the differences in the 
isospin factors at the nNN vertices and in the sign attached to the nucleon propagator (see 
(hi) ) between (c) and (a) or (b) [(c') and (a') or (b') ]. As a result, the contribution from 
the nucleon vector current vanishes after summing up the matrix elements for the three 
diagrams (a), (b) and (c) [ (a'), (b') and (c') ], and only the axial- vector part, proportional 
to gA^i, contributes, as seen in (|TT| ) and (|TH). One finds that the s-wave condensed kaon 
cannot be directly emitted in place of the thermal kaon in the KT reaction. This is because 
the relevant kaon current has the form j 1 ^- = V%fd fl (K~) = —inxf 2 sin 9e~ l ^ Kt -SQ, where 



the spatial component is zero, so that the condensed-kaon current does not couple to the 



nonrelativistic nucleon axial- vector current [ cf. (17) and ( |L8|) ]. 

By the use of ([H]) and (|T8|), the spin-summed squared matrix element V] \M\ 2 , with 

spins 

M = M(«> + M® + AfW + M( a ') + M( 6 ') + M( c '), is obtained as 



J2 \M\ 2 = 8(g A G F f 2 fsm6 c cos6 c cos 3 ^ 2 ' 



1 



spins 



2^ ^(|p F ( n )|2 + m 2)2 

p F (n)| 2 {(p^ • k) 2 + (p K ■ k') 2 + 2| Pi ,| 2 |p F H| 2 } 
+ {5(k ■ k')( P A- • k)(p* • k') - 2\p F (n)\ 2 (p K ■ k') 2 - 2|p F (n)| 2 (p x • k) : 
-|p A -| 2 (k-k') 2 + { P A-(kxk')} 2 } 



(19) 



D. Phase space integrals 

The phase space integrals appearing in (0) for the reaction rate r^ KT ^ are separated 
into radial and angular parts via the relation r^ KT ^ = AP, where 



A = 



-, — ttt -QaGp f f sin 9n cos 9 C cos - 
(27T) 11 \3 y J J 2 



9 |pfW 



2 l rm-2 



\p F [n)\ z + m* 



(20) 



and 



oo /"Oo /"oo /"oo roo 

2j|„ I / l„ |2 7i„ I / i |2ji„ I / |„ |2ji„ I / |„ |2, 



P=l |Pi| 2 c?|pi| / IP2NIP2I / |P3| 2 d|P3| / |P4| 2 c?|P4| / \p K \' 2 d\p K \S{E f - Ei)— ^— SQ 
>o Jo Jo Jo Jo U)t 



with 



Q = j dtt! J dVL 2 J dtt 3 J dVL A J dn K 5 {3) (p 3 + p 4 + p K - Pi - P2) • 



(21) 



(22) 



For those kaons which are the main contributors to the reaction rate, the momentum \pk\ 
is small enough to satisfy the condition, \pk\ + |Pf(p)| < |PiK n )l- Under this condition, 
one obtains Q ~ 8(27r) 4 |pi7(£>)|/(|pi||p 2 ||p3||p 4 |). After substituting this result into fl2T|), 
we transform the variables for the nonrelativistic nucleons in P by way of the relation 
|pi|d|pj| = m*dEi (i = 1 — 4) with m* the effective nucleon mass. By the further change of 
variables : x 1 = (E 1 -fi n )/T, x 2 = (E 2 -fx n )/T, x 3 = -(E 3 -/j, p )/T, x 4 = -(£ 4 -// n )/T, 
where jii (i — 1 — 4) is the chemical potential and T the temperature, one obtains 



P 



-(r<) 3 m;^ 



T 3 f° In l 2 ^ln I [("- + jVl ^")/ T ] • [("- + ^ ~ ^ 2 I T2 ± 4?f2 ] \PK\ 2 /U}- 

J |PK| lPKl e (^-+^ v -^)/T_ l l_ e -(«_-p 



Wr)/T" 



(23) 



In obtaining fl23"|) , we have made the approximation (valid at low temperature), —fii/T — > 
—00, for the lower limit of the four integrals with respect to X\ — x 4 , and the following 



formula has been used 12971 : 



/oo roo roo roo | j | | 

dx l / dx 2 / dx 3 / ds^fo + x 2 + x 3 + x 4 - y) — 
-oo J-oo J-oo J-oo 1 + e^ 1 1 + e X2 1 + e X3 1 + e 14 

= 1 y{y 2 + 4tt 2 ) 
6 ev - 1 

The value of /z n (/z p ) is taken to be 200—300 MeV (100—200 MeV) at the relevant densities 
where the kaon condensation is realized. As a consequence of the rapid convergence of the 
integrand in (^) for negative values of Xi produced by the exponentials arising from the 
statistical factor S, the low-temperature approximation should be valid for temperatures 
less than several tens of MeV. 

For the remaining integral in (|23"D, we introduce a dimensionless variable x = \px\/T. 
Combining Eqs. (20) and fl2"3]), and the definition of r^ KT_F \ one obtains the final ex- 



pression for r^ KT 

r (KT-F) (e (KT) ;T) = J^-(g A G F pf Sm6 cC Os6 cC OS 3 I ^ 




9(2tt) 7 V pj j ° ° 2|p F (n)| 2 + m 2 

< (m;) 3 m;T 5 /( KT )(e (KT) ,T) (25a 

= (4.0xl0 30 )r^MV<)Y^ cos 6^ 9 5 / (KT) (e (KT) ;T) 



m- )\m N ) \m N J 2 

(cm" 3 • s" 1 ) , (25b) 



where Tg is the temperature in units of 10 9 K, £( KT ) = (/j, K + /i p — /j, n )/T, and 

roo 

I^ KT \u,T)= / dxf(x-u,T), (26) 

Jo 

with 

= 1 X 4 (aJl(x)+ M )[(^(x)+ M ) 2 + 47T 2 ] 

M ' ' ' 6 (wl(x) + /ix/T) 3 1 - e--W e --(-)+« - 1 l ] 

where cul(x) = (u>-(x) — ^k)/T. 

The factor T 5 in (^) comes from the energy integrals for two incoming and two 
outgoing nucleons (T 4 ), together with the energy- conserving delta function (T _1 ), the 
radial integral with respect to the kaon momentum (T 3 ), and the factor |p^| 2 /a; 3 in the 
matrix element (T^ 1 ). The integral j( KT )(£( KT ) ) T) also depends on T, so that the reaction 
rate r^ KT ~ F \^ KT \T) in general has a complicated temperature dependence. 

For the backward process (|i~Ei|), the reaction rate r( KT ~ B )(£( KT ' ) ,T) can be given in a 
manner similar to the forward process. Noting that the statistical factor S is replaced by 

S' = -n(p 3 )n(p 4 )/if-(pir)[l -n(pi)][l -n(p 2 )], one obtains 

r (KT-B)^(KT) ?T) = e «( KT ) r (KT-F)^(KT) 5T) (2g) 

in the low temperature approximation. 

The initial depletion of total strangeness is reflected in a negative value of £( KT ). Con- 
sequently, the production rate of thermal kaons through the forward KT reaction is larger 
than the annihilation rate through the backward reaction, as seen from (^8|). Eventually, 
when the system reaches chemical equilibrium where ^ KT ^=0, both the forward and the 
backward reaction rates become equal. 



(24) 



III. EOS AND PHYSICAL CONDITIONS 

In order to estimate the reaction rates, we must know for each chemical species the 
values of the physical quantities such as the chemical potential /ij and the number density 
rii (i = n,p, e~, K~), which depend on the specific physical properties of the system. As 
the initial condition (t=0), we take normal neutron-star matter (6 = 0) which is composed 
of nonrelativistic neutrons (n), protons (p), and ultrarelativistic free electrons (e~) with a 
baryon number density ub- The value of ris is taken to be larger than the critical density 
for kaon condensation rig. The initial kaon chemical potential fi° K has a large negative 
value [see the latter part of this section] , while ji° e is positive. [] Then the system is far 
from chemical equilibrium with yP e ^ /j,° K , and evolves into a chemically equilibrated kaon- 
condensed phase. The temporal evolution of the kaon condensation proceeds through a 
set of rate equations which are given by the nonequilibrium weak reactions |2B| . 



As for the EOS, the thermodynamic potential f2 for the kaon- condensed phase is 



constructed with the help of chiral symmetry. Here we basically follow the result of [IE 
for Q. During the nonequilibrium processes, the time scales for the weak interactions 
are much larger than those for the strong and the electromagnetic interactions which are 
responsible for thermal equilibration. Therefore, the physical quantities are determined 
adiabatically under the assumption that the system is in thermal equilibrium, adjusting to 
the gradual change of the chemical compositions given by the weak interactions. Under 
this assumption, the corresponding values of fii(t) and riiit) are related to each other, 
riiit) = —dfl(t)/dfii(t). Here we should note that both the zero-point and temperature 
fluctuations are simply neglected in the EOS except for the thermal contribution to the 
kaon number density, so that our expression for the EOS corresponds to the heavy-baryon 
limit in ref. |TJ| for the nucleons. On the other hand, to make clear the role of thermal 



kaons on the kinetics of condensation, we explicitly take into account the number of 
thermal kaons. Thus the kaon number density tik is written as a sum of the condensed 
part (k and the thermal part n^, as n^(t) = (xit) + ^jf(£)> where 



( K {t) = (K-\S\K-) = fj, K (t)f 2 sin 2 9{t) + (1 - cos0(*))K(*) + ^n n {t) ) (29) 



1 

2' 



with the strangeness operator, S = 2(Q — 1% — B), 

n T K {t) = j^cosO J d 3 p K f K (p K ,t) (30) 



(27T) 

with 



fK{PK,t) e ( w _(t)- MJC (t))/T _ j e ( w+ (t)+^(t))/r _ 1 ' ( 31 ) 



and the first and second terms in the RHS of (|31| ) are the Bose-Einstein distribution 
functions of the K~ and K + mesons, respectively. It is to be noted that there appears a 
factor cos# in the number density /%(^)> w hich reduces to the noncondensed form in the 
limit of 8^0 (cos6 -> 1) [0. 

In the condensed phase, the expression for the lu±(pk) depends on how the fluctuations 
are incorporated Hl9l^0|. Here we adopt the result by Tatsumi and Yasuhira [[19]]. The 
expression for oj±{j>k) is then given by 



'The superscript '0' denotes the initial value at t = 0. 



u±(Pk) 



(n p + -n n )/(2/ 2 ) with n. 



i)} + [pi- + (& 2 



m 



1/2 



(32) 



where b = fn p + -n n ) /(2f A ) with n p (n„) the proton (neutron) number density, and 

m*K = m*x cos 9 = {m 2 K — ub^kn/ f 2 ) cos9, and S K n is the KN sigma term . The term 
b stems from the KN vector interaction (the Tomozawa- Weinberg term), and m£? is the 
effective kaon mass squared which is reduced due to the KN scalar interaction simulated 
by S KN |n . 

It may be seen from (|32|) that u_(pk) — > hk as px ->■ 0, with the help of the classical 
field equation for 9,dtt K /d9 = 0,0, 



sin 9\ii 1 K cos 9 + 2bfiK 



in 







(33) 



In particular, in the condensed phase (9 ^ 0), the lowest excitation energy of the thermal 
kaons coincides with the kaon chemical potential. This Goldstone-like nature originates 
from the spontaneous l^-spin symmetry breaking in the condensed phase. In the limit of 
9 = in Eq.(^), one obtains an expression for the excitation energy of kaons in the normal 
phase. In this case, there is a gap between the lowest excitation energy uj_{pk = 0) and 
H K . 

For the EOS, the potential contribution of the symmetry energy, V syra (nB), is taken 
into account in addition to the nonrelativistic Fermi-gas energy for the nucleons. Following 
Prakash et al. [3T|, we take the density dependence of V sym (n B ) in the form 



V sym {n B ) 



S -(2 2 / 3 -l)-e Ffi ]F(n B ) 
5 J 



(34) 



where So (=30 MeV) is the empirical symmetry energy, €f,o is the Fermi energy in the 
symmetric nuclear matter at n (=0.16 fm~ 3 ), the standard nuclear matter density, and 
F{n B ) is a function simulating the density dependence of V syra (n B ). For simplicity, we 
take F(n B ) = n B /n . Then the chemical potential difference between the proton and the 
neutron in the condensed state is given by 



jd p (t) - n n (t) 



(3vr 2 n p (t)) 2 / 3 (3vr 2 n n (t)) 2 / 3 



2m 



N 



:iM*)(l 



2m N 
cos 9(t)) , 



+ 4V sym (n B ) • (n p (t) - n n (t))/n B 



(35) 



where n p {t) (n n (t)) is the proton (neutron) number density [19]. 

With relevance to hot neutron stars at birth, we further assume that the system 
is initially in /3-equilibrium , i.e., /i° = /i° + //°, due to the rapid /5-decay reactions, 
n — > p + e™ + v e , p + e~ — > n + u e , and that the initial total strangeness is almost zero 
(with equal numbers of thermal K +, s and i^~'s present). The latter condition means 
H° K = —b° as a consequence of Eqs.(^), (PI), and (|3"2f) with 9 = 0. With these initial 
conditions, one can obtain the number densities rii(t) from the rate equations, and then 
the chemical potentials /ij(t) and 9{t) from Eqs.fl3~3|) and (|35|) together with the charge 
neutrality condition, 



n p (t) =n e (t) +n K (t) 



(36) 



Hereafter, we take the values for the effective nucleon mass ratios which appear in the 
expressions for the reaction rates to be m*/mjv = m*/mjv=0.8 for simplicity. The value 
for the KN sigma term is chosen to be Sxat=300 MeV as an example ||32| . The critical 
density n B is then estimated to be n B = 0.485 fm~ 3 (~3.0 no). 



IV. NUMERICAL RESULTS AND DISCUSSION 

In this section, we discuss the characteristic features of the forward KT reaction rate 
p(KT-F)^£(KT)^y^ ^g reac ti on ra t e p;( KT - F )^( KT ) 5 7 n ) is evaluated in the following two 

typical stages in the nonequilibrium process: (I) in an initial noncondensed state (6° = 0, 
t=0), and (II) in a condensed state in chemical equilibrium (8 = 8 cq ,f\t — > oo). 
(i) Initial noncondensed state (I) 

First we consider a case with the baryon number density ng =0.55 fm~ 3 , which is 
just above the critical density n%. In this case, we take /i^ = — b° = —139 MeV, and the 
initial proton-mixing ratio, x® = rip/nB=0.14. The initial values of the physical quantities 
are listed in Table I for the two baryon number densities. In Fig.|2|, the temperature 
dependence of r( KT-F ) (£( KT ) (0) , T) is shown by the solid line. For comparison, the reaction 
rate for the forward MU process (MU-F) is shown by the dashed line (see Appendix A 
for the expression for the MU reaction rate). The MU-F reaction rate is taken for (3 
equilibrium, i.e., ^ MU ^(0)=0. Note that there is no condensate yet at t = 0, so that the 
KU reactions cannot proceed. One can see that the magnitude of r( KT_F )(£( KT )(0),T) is 
large and dominates over that for MU, r( MU-F )(£( MU )(0) = 0,T), over most cases except 
at very high temperature, T > 5 x 10 11 K. The large reaction rate for KT is due to 
the large deviation of the system from chemical equilibrium. For example, the value of 
£ (KT) (0) is -4.6 x 10 3 /T 9 « at a relevant temperature T < 10 11 K. To see the £ (KT) - 
dependence of r^ KT_F \ we show the integrand f(x;u,T) of I^ KT ~ F \u, T) [ Eq.(|2"6D ] in 
Fig|J (a), as a function of x(=\pk\/T) with the temperature fixed at T = 1 x 10 11 K. 
Several values of u are taken for comparison. In Fig|| (b), the normalized kaon excitation 
energy Ql [=(u-(x) — ^k)/T ] is also shown. The value of f(x; u, T) for u = 0, in which 
case the normal neutron-star matter would be in chemical equilibrium without a kaon 
condensate, is much reduced, as is expected, because the energy gap measured from the 
chemical potential [uJl(x = 0) = (u;_(0) — Hk)/T > 0] reduces the value of the Bose- 
Einstein distribution function [cf . Fig.|^ (b) ] . However, as the value of u changes from 
zero to —100, the maximum value of f(x; u, T), / max (u, T), becomes larger by more than 
ten orders of magnitude. One can also see from Fig.|3] (a) that the kaon momentum (x) 
at imax(w,T) becomes larger as \u\ increases, and that a wider range of kaon momenta 
contribute to the integral I ( - KT ~ F \u, T). For the highly nonequilibrium case \u\ ^ 50, the 
main contribution to the reaction rate is associated with the hard thermal kaons with 
large momenta, rather than the soft kaons with ul(x) — uJl(0) = 0(1), as seen in Fig.|] 
(b). 

At lower temperatures, T < 10 10 K, the temperature dependence of the reaction 
rate r <F:T_F )(£( KT ' l (0),T) is weak, as seen in Fig.^. In order to look into the details of 
this behavior, we show, in Fig.4, the integrand f(x;u = ^ KT \0),T) of /( KT ~ F ) as a 
function of x with the input parameters [x Q K and x° p for 72^=0.55 fm -3 and for several 
temperatures, T = 10 8 - 10 13 K. One can see that, for T < 10 10 K, f(x; u = £ (KT) (0), T) 
is nearly proportional to x 4 for x ^ Xm = \pk,m\/T, where |pic,m| is the kaon momentum 
corresponding to a maximum of /. Above x = xm, the integrand / decreases rapidly 
with x. This x-dependence of the integrand f(x;u = ^ KT - ) (0),T) can be derived as 
follows: With the input parameters yP K and x®, one finds (Jl(x) < uJ1(xm) = 4.2 x 
10 3 /T 9 for x < x M , and £ (KT) (0) = -4.6 x 10 3 /T 9 , so that wl(ar) + £ (KT) (0) < -4 x 



The superscript 'eq' denotes the equilibrium value. 



10 2 /T 9 for x < Xm- Thus, one can show from Eq.(p7|) that f(x;u = ^ KT \0),T) ~ 
\ ,~, ,f o ma l^fr) + £ (KT) (0)| 3 « * 4 , noting that |uT(x) + e (KT) (0)| 2 » 4tt 2 for 

T < 10 10 K, and that the x-dependence of u^(x) is negligible for x ^ Xm- At a certain 
value of x just beyond %, ul(x) +^ kt - ) (0) becomes positive, and the integrand f(x; u = 
£( KT )(0), T) decreases rapidly with x due to the exponential factor in (|27|), which originates 
from the statistical factor in the phase-space integrals of the reaction rate. Hence one 

obtains j' KT_F - ) ~ / fdx oc x 5 M . It is to be noted that the kaons which have the most 

Jo 
dominant contribution to the KT reactions have momenta around a hundred MeV. For 

example, the value of the momentum |pk,m| is \pk,m | —120 MeV for ns = 0.55 fm -3 . 

This kinematical range for the kaons is almost independent of the temperature as far as 

the temperature is low such that T < 10 10 K(=0.86 MeV). Therefore, xm{= \Pk,m\/T) is 

simply proportional to T -1 , and j( KT_F ) oc T~ 5 . Thus one obtains r( KT ~ F )(£( KT )(0),T) = 

0(T°) fromEq. (g5Tj| ). 

In the high temperature case, T > 10 12 K, on the other hand, the large energy of 
thermally excited kaons [T > 0(100 MeV) ] is comparable to the energy gap, u^(pk = 
0) — [ix, the latter of which is estimated to be 340 MeV for n^=0.55 fm~ 3 . Thereby the 
soft kaons with energy less than the energy corresponding to Col(x) = 0(1) contribute to 
the relevant reactions. For T •> 10 12 K, a wide range of momenta of the thermal kaons give 
the main contribution to the reaction rate, and the value of Ip^mI depends sensitively on 
the temperature, as one can see in Fig. 4. 
(ii) Condensed state in chemical equilibrium (II) 

For ns=0. 55fm -3 , the input parameters in the equilibrated kaon-condensed phase are 
taken to be # cq =0.48, /i^=203 MeV, and Xp q =0.23. The temperature dependence of 
the forward reaction rate r( KT_F )(£( KT ),T) with £( KT ) = is shown in Fig.^Jby the solid 
line for the baryon number density r2^=0.55fm -3 , together with a plot of the forward 
KU process (KU-F) ( the MU-F process ) shown by the dotted line (dashed line), (see 
Appendix A for the expression for r^ KU_F \) 

In order to discuss the kinematics for kaons in the KT reaction quantitatively, we 
show, in Fig.|, f(x;u = £ (KT) = 0,T) and ul(x) for n B =0.55 fm~ 3 and T = 10 9 , 10 10 , 
and 10 11 K. One can see that the maximum of f(x;u = £ ( - KT ' ) = 0,T) corresponds to 
Cj1(x) = a = 0(1), where a = 2 — 3, i.e., soft thermal kaons with thermal energies produce 
a dominant contribution to the KT reaction in the condensed phase. [] This feature holds 
for all temperatures. By expanding ul(x) with respect to the kaon momentum \pk\ 
by the use of the classical field equation, Eg. fl33|) , one obtains the momentum Ipa^mI 
corresponding to the maximum of the integrand, f max , as 



\Pk,m\ = V 2a ( &cq + Vk c os # eq )T oc T 1/2 (37) 

for the temperatures T < 10 11 K, or xm = \pk,m\/T oc T -1 / 2 . The temperature- 
dependence of / max is then written roughly as 

l[2a(6 cq + /i^cos# oq )] 2 a" (a 2 + 4vr 2 ) T , , 
/max ~ g T 2 (a + /ig/T) 3 l-e~ a e°-l ' temperature limit, 

/z£/T > a, which gives f max oc T. In this case, / KT - F (^( KT ) = 0,T) ~ / max Ax oc T 1/2 , 



7 The importance of thermal loops in the soft (Goldstone) mode for the phase diagram and EOS 
has been also emphasized in ref. Jn 



where Ax(= Apx/T) is the dominant integration range around xm- Hence one finds 

r (KT-F) ( £(KT) =0)T)ocT 5.5_ 

At temperatures below ~ 10 8 K, the reaction rate for KT, p( KT - F )^( KT ) — 0,T), 
is less than that for KU, r*- KU_F ) (£( KU ) = 0,T). Nevertheless, since the temperature 
dependence of the KT process (oc T 55 ) is more pronounced than that for the KU process 
(oc T 5 ), the reaction rate r^ KT_F ^(^ KT ^ = 0, T) increases more rapidly as a function of the 
temperature than r( KU_F )(£( KU ) = 0, T), and the former exceeds the latter for T > 10 8 K. 
At temperatures T > 10 9 K, r( KT " F )(^ KT ) = 0, T) is larger than r( KU " F )(^ KU ) = 0, T) by 
one or two orders of magnitude, and at temperatures below ~ 4 x 10 11 K, r( KT-F )(£( KT ) = 
0, T) is also larger than r( MU " F ) (£ (MU) = 0, T) . 
(iii) Comparison between cases (I) and (II) 

Next we compare the reaction rate for KT in the case (I) with that in the case (II) (cf. 
Figs.0 and |5] ). The former is larger than the latter for all the temperatures. For example, 
the former is large in magnitude by a factor ~ 10 6 at T = 10 10 K, and this factor becomes 
much more significant at lower temperatures, where hard thermal kaons with uT_(x) 3> 1 
take part in an enhancement of the KT reactions in the nonequilibrium state. As the 
temperature increases, the ratio, r^ KT_F ^[case (II)]/r( KT-F )[case (I)], becomes smaller, 
and tends to have a T dependence similar to each other at very high temperatures, 
T > 10 12 K, where soft kaons with energies Col(x) = 0(1) become responsible for the 
reactions KT for both (I) and (II). 
(iv) Comparison at different densities 

Finally, in Fig. 7, we show the temperature dependence of the relevant forward reaction 
rates for n#=0.70 fm~ 3 . At this density, we have the fully-developed kaon-condensed phase 
after chemical equilibrium is attained. The values for the parameters are estimated to be 
fjP K = _frO = _ 180 MeV and x° p =0.1Q for the case (I), and fl cq =0.91, //^=114 MeV, and 
x£ q =0.39 for the case (II). Figure (a) [ Fig.0 (b) ] is for the case (I) [case (II) ]. The 
qualitative features are the same as those at a lower density 72^=0.55 fm~ 3 , although there 
is a significant increase in the magnitude of the KT reaction rate at the same temperature 
as compared with the lower density case of ra^=0.55 fm~ 3 [ cf. Fig.||] for (I) and Fig.[5] for 

(II)]. 

In the initial noncondensed case (I), the value of ^ KT ^(0) is further reduced to 
£( KT )(0) = —5.5 x 10 3 /Tg with increase in density, because the decrease in fi° K and 
the increase in fx® enlarge the value of |^^ KT '(0)|(=|//g — fx%\/T). This difference in 
£( KT 0(O) becomes important in determining the magnitude of the KT reaction rate for 
temperatures T <j 10 11 K. For example, the ratio of the reaction rates at different den- 
sities, r(I) = r( KT - F )(0.70fm- 3 )/r( KT - F )(0.55fnr 3 ), becomes r(I) ~ 10 3 for T < 10 10 
K. For temperatures as high as T > 5 x 10 11 K, the difference in ^ < - KT ' ) (0) becomes less 
significant because |^ KT ^(0)| ^$ 10 at both densities, so that the ratio becomes small: 
r (I) = r( KT - F )(0.70fm- 3 )/r( KT - F )(0.55fnr 3 ) < 10 for T > 5 x 10 11 K. 

On the other hand, in the case of the condensed state in chemical equilibrium (II), the 
ratio r(II) = r( KT - F )(0.70fnr 3 )/r( KT - F )(0.55fm- 3 ) ~ 3 at low temperatures T < 10 10 K, 
while r(II) becomes less than 2 at high temperatures T^5x 10 11 K. This enhancement 
with increase in density mainly stems from the reduction in the kaon chemical potential 
f^K, which appears in the denominator of the function f(x;u = £( KT ) = 0,T): In the 
kaon-condensed phase, /i^ decreases monotonically as the density increases JT3] such that 
//^=203 MeV— > 114 MeV as ne=0.55 fm -3 — > 0.70 fm~ 3 . At low temperatures, the term 
/z^/T is larger than ul (x) (=0(1)) in the factor l/(dH(x)+/i^/T) 3 , so that r(II) is mainly 
determined by [/z^(0.55fm~ 3 )///^(0.70fm~ 3 )] . At high temperatures, the term ^jT is 



less significant, so that the difference of the integral /( KT F )(£( KT ) = 0,T) between the 
different densities is less marked. 



V. SUMMARY AND CONCLUDING REMARKS 

We have calculated the reaction rates for the thermal kaon (KT) process. We based 
on chiral symmetry as a guiding principle in obtaining the excitation energy of the kaons 
and the transition matrix element for the reaction rates. It has been shown that the 
reaction rate is larger than those of the kaon-induced Urea (KU) and the modified Urea 
(MU) reactions for the relevant temperatures and baryon number densities which may 
be realized in the early hot stage of neutron stars. The KT process is dominant not 
only in the case of the noncondensed state, which is in a highly nonequilibrium state 
(|£ KT (£)| ^> 1), but also in the case of the kaon-condensed state in chemical equilibrium 
(|£ KT (£)| =0). In the noncondensed state, where there is a gap between the minimum 
excitation energy and the kaon chemical potential, it is mainly hard thermal kaons with 
large momenta, rather than soft thermal kaons, which contribute to the reaction rate. On 
the other hand, in the condensed state, the soft kaon mode [uj-(pk) — Hk = 0(T)] , which 
reflects the spontaneously broken V^-spin symmetry, contributes to the reaction rate. We 
have seen that the hard and soft kaons contribute differently, which results in a different 
temperature dependence for the reaction rates in the noncondensed and condensed states. 

The KT reactions are found to be dominant throughout the nonequilibrium process, 
and may control the characteristic time scales, such as those for the onset of condensation 
and its subsequent buildup. Dynamical evolution of the kaon-condensed state can be 
treated by pursuing temporal changes in the condensation by way of a set of kinetic 
equations, where the chemical species change through the nonequilibrium weak reactions. 
This subject will be discussed in detail elsewhere [^8] . 



In addition, there are several astrophysical implications of the present work. First, 



Brown and Bethe |14| have proposed a scenario in which low-mass black holes are formed in 
stellar collapse using a very soft equation of state due to kaon condensation. Following this 
scenario, Baumgarte et al. made a dynamical simulation of the delayed collapse of a hot 
neutron star to a black hole [[HJ. They utilized the nuclear EOS with kaon condensation 
in the equilibrium configuration at T = 0. However, there might be a time lag for the 
appearance and growth of a condensate due to the nonequilibrium weak reactions, even 
when the density exceeds the critical density for the condensation. Hence one needs to 
treat the nonequilibrium processes for a careful consideration of the dynamical evolution 
of an initially normal neutron star to a kaon-condensed star. Second, nonequilibrium 
weak reactions may also affect the stability of neutron stars near the maximum mass 
with respect to a perturbation from their static configurations [33|. For normal nuclear 



matter, the j3 processes (|3]) have been taken into account as the most important weak 
reactions J£|. For kaon-condensed matter, the KT process is expected to be the most 
relevant reactions for stability. Third, as another dynamical property related to neutron 
stars, mechanisms for the dissipation of the vibrational energy of neutron stars induced 
by nonequilibrium weak reactions have been discussed for several phases of hadronic 
matter ||34| . The associated bulk viscosity determines the damping time scale for radial 



oscillations of neutron stars. In a kaon condensate, the KT reactions may be most effective 
for dissipation, and may have a major contribution to the damping of the radial oscillations 
of kaon-condensed stars. 
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APPENDIX A: OTHER WEAK REACTIONS 

For comparison, we here list other relevant weak reactions KU and MU, which may 
be operative in the nonequilibrium process in kaon condensation. 

The KU reactions are mediated by the last term (the "commutator" contribution) in 
Eq.(Rl). The reaction rate for the forward KU process (pal), is given as 



r (KU-F) (e (KU) )T) = |l 8 i n 2 c8in 2 0{ 1O + 3(^ + 9^) } m ^ e T 5 / 2 (e (KU) ) 

= (6.6 x l0 29 )f^y^sin 2 ^T 9 5 / 2 (e (KU) ) (cm" 3 • s" 1 ) (Al) 



,mjv / Tn. 

where g A = F - §.0=0.15 with F + D = g A = 1.25 and D/(D + F) = 0.658 |13| 

I 2 {u) = / dxxV + (x + u) 2 ]/(l + exp(x + u)) and ^ KU ) = (// e - fi K )/T. 
Jo 



For the MU reaction, we refer to Haensel's result [Q which is based on |[24|| . Noting 
that the matrix elements are slightly modified in the presence of the kaon-condensate by 
an additional factor of cos 2 (9/ 2) coming from the first term in the first curly brackets for 
the isospin-changing strangeness-conserving current in (|S|), one obtains 

r (MU-F) ( ^(MU) )T) = (5 _g x I0 23 ) ^y /3 COS 2^ T 7 J2( ^(MU) ) z^-3 . g -l) (A2) 

Vn / 2 

/•oo 

where J 2 {u) = / dxx 2 ^ + 10vr 2 (x + uf + (x + u) 4 }/{\ + exp(x + u)), and £ (MU) = 
Jo 

For the backward processes, one can see r( KU " B ) = r( KU - p )(-^ KU )), r( MU " B ) = 
-p(MU-F)^_£(MU)-j ^^j^jn faQ low-temperature approximation. It is to be noted that the 
relation between the forward and backward reaction rates for KT [ (|28D ] is different from 
that for KU or MU due to the appearance of the Bose-Einstein distribution function in 
the phase-space integrals for KT. 
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TABLES 



TABLE I. Input quantities for the initial noncondensed state [t — 0) and for the chemical equi- 
librated state (t — ► oo). All the values are estimated at T=0. The former (the latter) quantities are 
denoted by the superscript '0' ( 'eq' ). 



riB(fm 3 ) 


V>°K ( MeV ) 


™0 


6» cq (rad) 


/4 Q ( MeV ) 


™eq 


0.55 


-139 


0.14 


0.48 


203 


0.23 


0.77 


-180 


0.16 


0.91 


114 


0.39 
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FIG. 1. The lowest-order diagrams for the reactions dla) that produce the thermal kaons. 
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FIG. 2. Temperature dependence of the forward KT reaction rate r^ KT ~ F ^(^ KT ^(0),T) at an initial 
noncondensed stage [case (I)] for 77,^=0.55 fm~ 3 (solid line). For comparison, the plot for the forward 
MU reaction rate is shown by the dashed line. 
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FIG. 3. (a) Function f(x; u, T) in the integrand j( KT ) (u, T) for the KT-F reaction rate as a function 
of x(— \p~k\/T) for several values of u at an initial noncondensed stage (case (I)). The result is for 
n B =0.55 far 3 and T = 1.0 x 10 11 K. 

(b) wl(x)[= (lu-(x) — [ik)/T], the kaon excitation energy normalized by the temperature under the same 
condition as in Fig. 3(a). 
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FIG. 4. The integrand f(x;u = £ KT (0),T) of /( KT ~ F ) as a function of x with the input parameters 
H° K and Xp, for n#=0.55 fm~ 3 and for several temperatures, T = 10 8 — 10 13 K. 
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FIG. 5. Temperature dependence of the forward KT reaction rate r( KT ~ F )(£( KT ) = 0,T) in the 
kaon-condensed phase in chemical equilibrium (II) for ns=0.55fm~ 3 (solid line). For comparison, the 
reaction rate for the KU process (the MU process) is shown with a dotted line (dashed line). 
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FIG. 6. (a) Function f(x;u — £( KT ) = 0, T) at the equilibrated if^-condensed stage (II) as a 
function of x for ns=0.55fm~ 3 and several temperatures, 
(b) ul(x) as a function of x under the same condition as Fig. 6(a). 
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FIG. 7. (a) Temperature dependence of the forward KT reaction rate r( KT ~ F )(£( KT )(0), T) at an 
initial noncondcnsed stage [case (I) ] for ns=0.70fm~ 3 (solid line). For comparison, the plot for the 
forward MU reaction is shown by the dashed line. 

(b) Temperature dependence of the forward KT reaction rate r( KT ~ F )(£( KT ) = 0, T) in the 
kaon-condensed phase in chemical equilibrium [case (II) ] for ns=0.70 fm~ 3 (solid line). For comparison, 
the rate for the KU process (the MU process) is shown by the dotted line (dashed line). 



